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Introduction
Silicon-based structural ceramics, such as SiC, can have desirable properties like good corrosion resistance, high hardness and high strength up to high temperatures. In order to profit fully from the advantages of these ceramics in structures, ceramicmetal joints often have to be used. A good adherence between the metal and the ceramic is then required. However, severe reactions at the interface may negatively influence the quality of the joints. Because of this practical importance, ceramicmetal interactions are being investigated in the authors' laboratory. In order to understand and to control the reactions, the thermodynamics and the kinetics of ceramic-metal interactions are subject to investigation. The programme started by studying the interactions between very pure, dense SiC and Ni and Fe. 1 The main results of this investigation can be summarized as follows.
In SiC-Ni diffusion couples at 850°C the compounds Ni2Si, NisSi2 and Ni3Si are formed in regular layers. Carbon was present in the Ni2Si and NisSi 2 layers as regular bands parallel to the original interface (Fig. 1) . By means of marker experiments nickel is found to be virtually the only diffusing component. The Ni-Ni3Si interface coincides, therefore, with the original (or Kirkendall) interface. The morphology and composition of the reaction layer are independent of the presence of aluminium, used as a sintering additive.
In SiC-Fe diffusion couples at 850°C the ~-(Fe, Si) solid solution was formed, with carbon precipitates randomly dispersed in the layer, except for a thin, carbon-free zone of ~-(Fe, Si) (Fig. 2) . Fe turns out to be virtually the only diffusing component. At 850°C the reaction zones show the same morphology and composition, independent of the A1 content of the SiC ceramic. The isothermal sections of the Ni-Si-C and Fe-Si-C phase diagrams at 850°C have also been determined/ In this paper the results of diffusion experiments between SiC and pure Ni, Fe, (Fe,Ni) alloys and steel 316 are presented, with emphasis on the kinetics and the morphology of the reaction layers.
Experimental Procedure
The experimental set-up and preparational procedure have been described in detail in Ref. 1 . The metals in this investigation have a purity >99.95 wt %. For SiC HIP-SiC without sintering additives (SiC(w)) and HIP-SiC with 0.2 wt% A1 (SiC(0.2A1)) were used. As a steel austenitic stainless steel 316 was used. It contained max. 0.08% C, max. 2-00% Mn, max. 0"05% P, max. 0"03% S, max. 1.00% Si, 16-18% Cr, 10-14% Ni, 2-3% Mo and the remainder was Fe (wt%). (Fe, Ni) alloys were made by argon-arc melting the proper amounts of the constituents (up to 5 g), and the resulting alloys were annealed for 1 week in vacuum silica capsules at 850°C. The diffusion couples were annealed in a vacuum furnace at 10-4pa under a pressure of 13 MPa for various times. The couples and the equilibrated alloys were investigated by optical microscopy, electron probe micro-analysis (JEOL Superprobe 733), scanning electron microscopy (JEOL JSM 840) and X-ray diffraction.
To reveal the morphology of the reaction layer in the SiC-(Fe,Ni) and SiC-steel diffusion couples the surface was etched with 10 ml HC1 and 3.2 g FeC13 in 40 ml ethanol.
Interaction of SiC with (Fe, Ni) Alloys and with Steel 316
The alloys investigated contained 20, 40, 60, 80, 90, 95 and 99 at.% Fe. The diffusion paths can be plotted in the quaternary Fe-Ni Si-C diagram at 850°C and can be projected on the Fe-Ni-Si phase diagram at 850°C 2 ( Fig. 3 ). Using a model of van Loo et al. 3 it can be concluded that only phases at the right-hand side of the dotted line can be formed, since they have to be in equilibrium with carbon which is formed at the interface SiC-reaction layer. This is the reason that only a part of the Fe-Ni-Si-C diagram had to be investigated. The results for the experiments with the SiC without AI, SiC(w), are very similar to those with A1, SiC(0.2A1). Generally the undoped samples seem to yield somewhat thinner reaction zones. For
Ni, Fe, (Fe,Ni) and steel 213 the various SiC-(Fe, Ni) alloys interfaces the following observations were made.
SiC-Fez0Niso
The reaction zone consists of alternating layers of (Fe,Ni)2Si + C (d3), (Fe,Ni)sSi 2 + C (d2) and 7-(Fe,Ni,Si) (dl) (Fig. 4) . Carbon is present in more or less regular bands in the reaction zone, similar to the SiCNi system. Possibly a thin layer of z-(F%Ni3Si2) was also present.
SiC-Fe40Ni60
The reaction zone consists of (Fe,Ni)2Si + C (d4), (Fe,Ni)sSi 2 + C (d3), r + C (d2) and 7-(Fe,Ni,Si) (dl) (Fig. 5) . Here also bands of carbon are present in the reaction layer.
Si-Fe60Ni40
The reaction layer consists of (Fe,Ni)2Si+C, (Fe, Ni)sSi 2 + C, ~-(Fe, Ni,Si) + C, r-(FesNi3Si2) + C and a thin layer of 7-(Fe, Ni, Si). The reaction zone contains random precipitates of C. Only in a small area near SiC is carbon formed in bands.
SiC with FesoNi20 , Fe90Nilo, Fe95Ni s and Fe99Nin
The reaction zones for the couples Fe80Ni20 to Fe95Ni5 consist of ~t-(Fe,Ni, Si) + C and a thin layer of 7-(Fe, Ni, Si). Carbon is present as random particles. For Fe99Nil the reaction zone consists of ~-(Fe, Ni, Si) + C and a layer of ~-(Fe, Ni, Si) without C, as in couples formed between pure Fe and SiC.
SiC-steel 316
In the reaction zone nickel silicides, iron silicides, chromium carbides, chromium silicides, molybdenum silicides and molybdenum carbides are formed.
Periodic Layers in SiC-Ni and SiC-(Fe, Ni) Reaction Zones
In SiC-Ni couples periodic layers in the form of regular bands are present. The layers consist of precipitates of C in NizSi and NisSi 2 layers. The same type of periodic layer was found in all SiCFexNilo o _x couples for x < 60. In all of these couples the band formation is found on the SiC side of the interface, whereas in the Fe-rich silicides random precipitation of C is found on the metal side (Fig. 4) .
Since the reaction front is at the SiC-layer interface (Ni and Fe are the only diffusing species) the bands, formed in the Ni-rich silicides, are, during further layer growth, overtaken by the Fe-rich silicides, and then disintegrate into small random particles. In Table 1 the average distance between the carbon bands is given for the system SiC-Ni. From a thermodynamic model by van Loo et al. 3 the layer sequence in SiC-Ni can be predicted. The sequence SiC-C-SiNix-Ni follows from the phase diagram proposed by the present authors) The attacking element Ni diffuses through the reaction layer towards the substrate (SIC) and reacts with Si, leaving the carbon behind in pure form. This initial layer sequence is not only governed by the phase relations. Other factors like the relative mobilities of the elements in the various phases are also of importance) Mechanical stress built up during the reactions is probably the most important requisite for the formation of a periodic structure.'*
Kinetics
In this section the results of the kinetic experiments for the various couples are discussed. Table 2 ); they represent a kp value derived from a single thickness measurement.
SiC-Ni
The kinetics of the reaction between silicon carbide and nickel have been studied between 650 and 1035°C. The results are shown in Figs 6 and 7. SiC reacts with Ni without an incubation time. In the A1-containing diffusion couples thicker reaction zones are formed. 5 The layer growth follows the parabolic growth law d 2 = 2kQ, where d denotes the thickness of the layer, kp the rate constant and t the time. In Table 2 the kp values (#m2/h) for both types of SiC are listed, as calculated by the non-weighted, leastsquares method, constrained to give a line through the origin. From Fig. 7 Eac t --I-o-(Eact) (kJ/mol), the activation E~c,= 181 __.3kJ/mol. The k o data as given by Kurokawa & Nagasaki v also fit well in the graph.
SiC-Fe
In the kinetics of the SiC-Fe diffusion couples an irreproducible incubation time is present, probably caused by a reaction barrier at the initial interface. The free energy change at 850°C for the reaction 3Fe + SiC-~ Fe3Si + C, AG ° = -11 k J, is much less negative than the value for the corresponding reaction with Ni, AG ° = --85 kJ. Any barrier, such as a small oxide film, can easily hinder the reaction with Fe more than with Ni. After this incubation time a parabolic layer growth is found (Fig. 8) . In the A1-containing samples again thicker reaction zones are formed. Due to the presence of the irreproducible incubation time, the authors were not able to find reliable growth rate values at other temperatures and, therefore, could not determine a value for the activation energy in SiC-Fe couples. FesNi3Si2) is not formed, so the reaction rate is high. (d) There is a relation between the thickness of the (Fe, Ni)2Si and (Fe, Ni)sSi z layers and the reaction rate. When these layers are thin compared with the total thickness of the reaction layer, the experiment is reliable. But when these layers are thicker than usual, the experiment is not reliable, since then they are formed at the expense of other phases when the contact between the end members is not optimal. The relative thickness of the various layers formed at a certain temperature has to be independent of time, therefore this verification has always been made for the various (Fe, Ni) alloys.
SiC-Fe20Niso, SiC-Fe40Ni60 and SiC-Fe60Ni40
For the couples SiC-Fe2oNiso and SiC-Fe40Ni60 the experiments are considered to be reliable according to remark (d) in the previous section. In Fig. 8 the d 2 versus t plot for SiC-Fe20Ni80 and SiCFe4oNi6o at 850°C are given. In SiC-Fe60Ni40 diffusion couples the contact between the alloys and the reaction zones was not always maintained at the alloy (=Kirkendall) interface so that the Si-rich layers could grow at the expense of the others and thinner total layers are found. The data from these experiments are not considered to be reliable.
Remaining couples
For the systems SiC-Fe80Ni20, SiC-Fe90Nilo, SiCFe95Ni s and SiC-Fe99Ni 1 such a verification is not possible, because a single-phase layer is formed. Here the same disturbing features as in SiC-Fe couples are probably present, which causes the large variation of the experimental values (Fig. 8) . In the case of FesoNi20, FegoNilo and Fe95Ni5 the incubation time is, however, much smaller and a reasonable value ofkp can be obtained. This makes it possible to extrapolate to the case of pure Fe. In the case of Fe99Ni1 a highly irreproducible and varying reaction layer thickness is obtained and these data are not considered further.
For the SiC-steel interaction after a short annealing time a more or less constant reaction zone thickness is observed, independent of the annealing time. This might be explained by the formation of a chromium carbide layer which completely stops diffusion and further reaction.
From the d 2 versus t plots the kp values can be determined (Table 3 ). In this case again a constrained fit through the origin was used, except for the SiC-Fe couples. It is seen from Table 3 that the variation in kp values is large. Unconstrained fits yielded comparable values.
In Fig. 9 the rate constant kp versus atomic per cent xve is plotted for the SiC-(Fe,Ni) system in the range 80 < XVe ~ 100 at.%. By extrapolation the kp 
Future studies
To join (Fe,Ni) alloys to SiC ceramics it is necessary to use barrier layers to prevent too fast a diffusion resulting in thick reaction layers. In order to obtain thin reaction layers, a small amount of Fe and/or Ni can be used as a reactive solute in the barrier alloy. From the present kinetic data, optimum concentration, bonding time and temperature can be estimated. Barrier layers are also necessary to diminish the mechanical stresses arising from the thermal expansion mismatch. In future experiments attempts will be made to combine the chemical and mechanical requirements of the metal-ceramic combination in order to obtain reliable joints.
Acknowledgements 6 Concluding Remarks
Periodic structures
The banded reaction zone found in SiC-Ni and SiC FexNi~o o x for x<60 has many similarities with those found in the systems Fe-Si-Zn and CoSi-Zn which were investigated by Osinski and coworkersff "s'9 In a recent publication by BackhausRicoult ~° the periodic structure was also reported and discussed. The present results on morphology are in good agreement with those in Ref. 10 . Moreover, Backhaus-Ricoult points out that the carbon precipitates show the fibrous structure of turbostratic graphite.
Kinetics of the SiC-(Fe,Ni) interaction
In SiC FexNi~oo_ x couples a ternary compound, r-(F%Ni3Si2), is present for 20<x<60at.%. The kinetics in these couples, therefore, cannot be described as simply intermediate between the kinetics of SiC-Ni and SiC-Fe. When r-(F%Ni3Si2) is formed, the reaction seems to be hindered so that the reaction zone is relatively small. In SiC FesoNi2o the zone is very thick because z-(Fe5Ni3Si2) is not present. The sharp decrease in reaction rate going from F%oNi2o to pure Fe is very remarkable, in view of the fact that the same phases are formed. 
